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Background 

10 

The invention relates generally to systems and methods for compensating for 
error in signals generated in a sigma delta circuit. 

Sigma delta circuits are well known in the art of both digital and analog circuit 
designs. A Sigma delta circuit is a closed loop control system having a non-linear 

15 quantizing element in the loop. A sigma delta control loop may be referred to as a 
"modulator" implying its use as a means to create a modulated stream of output data 
that is quantized in time and amplitude from a possibly continuous input signal. The 
conventional sigma delta generally includes an input for receiving a signal, a 
differencing element and a filter having a transfer function that is configured to shape 

20 the noise generated by the amplitude and time quantizing element in the loop. Errors 
occur in such systems including tones and fixed pattern noise that are produced in the 
sigma delta loop. Remedies have been attempted to cure such errors, including 
complex dither schemes or MASH ("MASH" is the common term for a method 
employed to create a high order noise shaping loop with a cascade of low order noise 

25 shaping loops. A MASH design may therefore avoid the necessity of stabilizing a 

high order loop. The design of a MASH architecture may also allow spurious noise to 
be reduced because that noise is measured by a second or succeeding modulators in 
the cascade of modulator loops). 

In a conventional sigma delta loop, a filter function H(s) is applied to an input 

30 signal prior to a quantizer, which can be represented as a source of noise, 8. Simple 

analysis of the loop shows: H(s)(x -y) + e = y hence by rearrangement, assuming H 

is linear, and solving for y: 

H(s).x e 
y ~~ l + H(s) 1 + H(s) 

35 from which we may extract the Signal Transfer function (STF) 
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STF = 



1 + H(s) 



and a Noise Transfer Function (NTF), to apply to ethe loop noise: 
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NTF = 



1 



The results are well known by those skilled in the art. At frequencies where 
H(s) is large Y is a close approximation to X and 8 is suppressed by a large quantity. 
For example, if H(s) is chosen to be 



the noise is suppressed as frequency tends to zero and the signal has a limited 
bandwidth. The preceding analysis depends upon the assumption that the noise due to 
quantizing the signal may be represented as a uniform noise source e, this is found to 

15 be only approximately valid in real examples. The assumption that e is uniform 

within a certain bandwidth would suggest that the noise is monotonically decreasing 
with frequency if H(s) is monotonically increasing. In practice, artifacts exist in the 
noise of the system often referred to as tones or other spurious none-harmonically 
related signals present in the output data stream (Y). Various techniques exist to 

20 remove or reduce these artifacts. In one method, the complexity, and thus the order, 
of the loop is increased by making H(s) a second or higher order function, or 'dither' 
is added to the loop in an attempt to redistribute the spurious noise across the 
bandwidth, lessening the effect at a particular frequency. (The addition of dither 
describes a process where an out-of-band signal is superimposed on the input signal - 

25 the intention begin to disturb the artifact signals and possibly move them out of band 
as well). Neither of these techniques is precise. Even a higher order loop will show 
some artifacts and dither is not entirely effective at re-distributing the spurious noise. 

Thus, there still exists a need for better methods of suppressing noise in a 
30 sigma delta loop. As will be observed, the invention accomplishes this in an elegant 
manner. 
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H(s) = le6 



s 
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Brief Description of the Drawings 

Figure 1 is a block diagram of a sigma delta circuit according to the invention. 

Figures 2-5 are graphical representations of signals occurring at different 
locations in the circuit while in operation. 
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Detailed Description 

The invention is directed to a system and method configured to compensate a 
digital signal to remove artifacts such as tones and fixed pattern noise that occur in a 
sigma delta loop. The invention is further configured to suppress predictable noise 

10 due to a quantizer located in a sigma delta loop. Positive feedback is used to around 
the input to the sigma delta converter to feed a filtered version of the error signal, 
which is commonly the first integrator input, back into the input in such a manner so 
as to suppress all errors. Positive feedback loop gain is set to a number that is close 
to, but slightly less than unity. A value slightly less than unity is chosen because a 

15 positive feedback loop with a gain less than unity is stable, despite the fact that the 
feedback is positive. 

Generally, in one embodiment, a system and method are provided for 
suppressing errors in a feedback control system. The errors may include, but are not 
limited to, those errors that may be generated within the feedback control system due 

20 to the presence of a quantizing element within the control system loop. A first 

feedback control system is augmented by use of an interlocking secondary control 
loop, thereby creating a new feedback control system composite of the first feedback 
control system and the secondary loop. The secondary control loop has elements of 
the first control loop within its loop, one of those elements being the input of the first 

25 control loop. The second control loop may be configured to have an over-all positive 
feedback with a gain that is less than unity. The second control loop provides the 
input point to the composite augmented control system. 

In one embodiment, a sigma delta digital circuit is configured to compensate 
for output error and includes an input for receiving an analog input signal and an 

30 output configured to output a digital output signal. The sigma delta circuit further 
includes a summation component configured to add a first error voltage to an 
incoming input signal, and a subtraction component configured to subtract a second 
error voltage to an incoming input signal. 
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A sigma delta loop configured according to the invention contains a 
conventional sigma delta loop as a sub-component. For example, referring to Figure 
1, the differencing element 108, the filter element 102 and the quantizer 1 10 (here 
represented as a source of noise) are configured as a sigma delta modulator. 
5 According to the invention, another feedback loop is added that includes the 

modulator differencing element and the input signal. It is a characteristic of a circuit 
configured according to the invention that this further feedback loop will be seen to 
have overall positive feedback. This additional feedback loop is seen to contain the 
differencing element, filter element 108 notated as having a potentially different 

10 characteristic H(s)\ and a summation element 106. The elements 106, 108 and 104 
constitute the novel feedback loop 112. Because element 106 is a summation 
element, this feedback loop has positive feedback. 

Still referring to Figure 1, a sigma delta circuit 100 configured according to 
the invention is illustrated. An input signal "x" is input into the sigma delta loop 100, 

15 that is comprised of a first sigma delta filter circuit 102 having a first filter function 
H(s), and a second sigma delta filter circuit 104 having a second filter function H(s)\ 
A first adder 106 receives the input signal and adds it to the output of the second 
sigma delta filter. The first result signal "1" (illustrated as a signal output diagram in 
Figure 2) is input into a second adder 108, which receives and subtracts a second 

20 result signal "2" (illustrated as a signal output diagram in Figure 3), that is received 
from a quantizer "E" 1 10 that represents the quantizer in the sigma delta loop, to give 
a third result signal "3" (illustrated as a signal output diagram in Figure 4). This third 
result signal is input to sigma delta filter 102, which is input into the quantizer 110. 
Generally, the sigma delta is comprised of a first positive feedback loop 112, which 

25 adds the input signal to third result signal "3", and a negative feedback loop 114, 

which subtracts the error signal generated by quantizer 1 10 from the first result "1", 
giving third result "3". The operation of this invention may by understood by 

observing that the conventional sigma delta loop 1 14 in figure 1 is the source of the 
artifacts - these artifacts are non linear and unpredictable, but they are nevertheless 

30 real signals within the sigma delta feedback loop. Therefore, these artifact signals are 
present at the output of the differencing element 108. The further loop of this 
invention is therefore able to process these artifacts in its positive feedback loop filter 
104. The invention is constructed such that the overall transfer function suppresses 
these artifacts. 
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According to the invention, the following improvements then are provided. 
First, the loop order is increased to further suppress the signal at the H(s) input. Next, 
suppression of the artifacts in the sigma delta loop is accomplished by use of a 
positive feedback around the input section, positive feedback loop 112. In this loop, a 
5 second filter function, H'(s), is introduced to feed back to the input. Note that this 
feedback is positive. 

The circuit analysis proceeds by first writing the expression for the embedded 
prior art sigma delta loop. Identifying x' (x prime) as the prior art modulator input 
(signal 1 figure 1) we may write: y = (STF')(x') + (NTF')(e) 
10 since this is the internal sigma delta loop and STF' and NTF' are the internal sigma 
delta loop signal and noise transfer functions respectively. Signal Y is the output 
signal, namely the signal notated as 2 in figure 1. Next, the positive feedback section, 
according to the invention, is added - here the signal x is the new input and H(s)' is 
the new loop filter: 
15 jc = x + H'(s) • (x'-y). 

Substituting for x' since 



20 



x' = v - NTF'-e 
STF' 



gives: 



y-(NTF')(e) = x + (HP (s)) fv-(NTF)(£) - y ]; 
STF' STF' 



25 Solving for y in terms of x and e, gives: 

y= (STFIx) + (NTP)(eWl-(H'(s»1 

[1 - (H'(s))(l - STF')] [1 - (H'(s))(l - STF')] 

30 Which, by inspection, can be seen as a similar expression to the original loop. 
Identifying the new loop STF and NTF 

y = (STF)(x) + (NTF)(e) 
gives 

35 STF = STF' NTF = (NTF')n - H'fsYI 

[1 - (H'(s))(l - STF')] [1 - (H'(s)) (1 - STF')] 
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Suppose now that H'(s) is defined such that the maximum value of H(s)\ for 
all s is less than 1.0. In this case, the positive feedback can never have sufficient gain 
to become unstable, but it can have sufficient gain (for (1 - H'(s)) «1) to suppress 
5 the artifacts of the sigma delta loop. 
For example if 
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H' (s) = 099j_a 
a + s 

A single real pole with a gain 0.99 at low frequency, and, further, if STF' =1.0 
at low frequency, which is the common case, then 



STF = STF NTF = NTF'fl -H'(s)l 

15 [1 - H'(s) • (1 - STF')] [1 - H'(s) ■ (1 - STF')] 

STF = 1.0 NTF = NTF'[1 - H'(s)] = NTF'(l-0.99) = NTF'- 0.01 

The NTF has thus been reduced by a factor of 100 in this simple example. 
20 A complete analysis in the s domain for a first order loop with a single real 

pole in the positive feedback with max gain 0.99 shows the following results. For 
example, in practice, if 



H(s) = le6 and H'(s) = 0.99 ; 300k 
25 s 300k + s 



the positive feedback of the filter is 



30 



H'(s)= 0.99 -300k 
300k + s 



This configuration has progressively improved the noise to a maximum of 40db at the 
3khz point. At this point the limited gain of 0.99 allows for substantially no further 
improvement. Clearly, as f , 0.99 in this case, tends to 1.0, the effect will improve 
substantially indefinitely, limited only by the requirement that f < 1.0. This result 
35 then shows that, theoretically, any artifact at the H(s) loop input should be suppressed 
by this mechanism that incorporates the invention. In practice, in order to prove this, 
the 2nd order loop shown in Figure 1 was run with a circuit incorporating the 
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invention in place. A 400khz pole with a maximum gain of 0.999 was used in this 
digital sigma delta modulator. There was a significant improvement in noise and, 
more importantly, in the spurious distortion products as well. 

The invention has been described with reference to sigma delta loop 
5 configured to suppress artifacts in signals caused by the sigma delta circuit 

components. It will be appreciated by those skilled in the art, however, that the 
invention has broader utility. Other embodiments may be implemented according to 
the invention without departing from the spirit and scope of the invention, the scope 
of which is to be construed in accordance with the appended claims and their 
10 equivalents. 
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